perturbed in a way that affects the nuclear hyperfine structure.
show the quadrupole hyperfine splittings expected based on their existing rotational assignments. Either the assignments are incorrect or the upper levels involved are perturbed in a way that affects the nuclear hyperfine structure.
I. INTRODUCTION
Ammonia, NH 3 , is a symmetric top rotor possessing a large amplitude inversion vibrational mode. The inversion motion is associated with a double-well potential 1 with an effective barrier height of 2020 cm −1 . Tunneling though the barrier leads to the well-known inversion splittings 1,2 in the zero point, and higher, levels of the molecule. Further, the spins of the three equivalent protons result in two nuclear spin states of the molecule, ortho-(I H = 3/2) and para-(I H = 1/2) each associated with a distinct set of rotational levels.
3
The two sets of levels do not interact under most circumstances. These characteristics, together with its practical importance, have made ammonia a prototype molecule for spectroscopic studies.
There has been considerable published work on the near-infrared spectrum of ammonia during the past few years. [4] [5] [6] [7] [8] [9] [10] [11] The spectrum in this region consists of a mixture of combination and overtone bands, of which the perpendicular bands v 1 + v 3 , v 1 + 2v 4 , v 3 + 2v 4 , and 2v 3 are the most prominent. However, despite many years of work, spectroscopic analysis remains incomplete because of the many overlapping rotational features even at Doppler-limited resolution, multiple uncharacterized perturbations caused by anharmonic and Coriolis mixing, and the presence of hot band lines in the low-frequency inversion mode.
The great majority of the observed features in recent high resolution measurements in the near-infrared remain rotationally unassigned. 12 The new measurements also exhibit partially resolved nuclear hyperfine structure due to the 14 N quadrupole and proton hyperfine couplings. The observed hyperfine patterns are spectroscopic signatures of the rotational levels involved in the transitions [13] [14] [15] [16] and may therefore be used to confirm or deny spectroscopic assignments.
Previous saturation spectroscopy measurements of ammonia at these wavelengths, carried out on a sample in a hollow-core fiber, have been reported. 17, 18 The resolution reported was sufficient to resolve lines blended in the Doppler-limited spectrum, but not sufficient to resolve any hyperfine structure. Czajkowski et al. 10 have also previously reported the measurement of a few sub-Doppler lines in the ammonia spectrum in this region, but again did not report the observation of quadrupole structure, presumably because the measurements were conducted at higher pressures than the current work, resulting in some collisional broadening.
Two of the transitions observed, the belongs to the para-set of proton hyperfine levels, 3 while (5, 4) s of (v 1 + 2v 4 ) is an ortholevel. However, the estimated magnitude of the ortho-para coupling terms in ammonia 19 is too small to account for such a (relatively) large observed perturbation between these levels.
In future studies of the spectrum of ammonia in this region, the possibility of ortho-para coupling between nearly degenerate levels of the appropriate symmetry should be kept in mind, but accidental degeneracies close enough to allow significant ortho-para mixing are likely to be rare.
II. EXPERIMENTAL METHODS
The spectrometer used in this work has been described in detail previously. 20 Samples of anhydrous ammonia gas (Matheson Gas, Inc.) were introduced in the cavity-type absorption These were obtained by scanning the comb repetition rate by 0.25 Hz/step, corresponding to approximately 60 kHz/step in the optical frequency across the saturation dip, typically collecting an averaged signal for 3 seconds at each frequency step. A few weak lines were recorded with more averaging to obtain satisfactory signal-to-noise ratios. Note that the modulation depth used to record Figure 2 was reduced compared to that shown in Figure   1 to reduce modulation broadening and highlight the splittings. The figures also show the results of the line analysis described in detail below.
III. RESULTS AND ANALYSIS

A. Hyperfine Level Structure
The observed saturation line shapes arise from partially resolved hyperfine splittings. The dominant hyperfine splitting is due to the nuclear quadrupole of the 14 N nucleus, I N = 1, splitting each rotational level (J > 0) into three sub-levels, labeled here by the quantum number F 1 with F 1 = J, J ± 1. Superimposed on the quadrupole structure, each level is further split by the proton nuclear hyperfine structure due to the 1 H nuclear spin-rotation 4 coupling and nuclear spin-spin dipolar coupling. The three equivalent protons lead to ortho-(I H = 3/2) and para-(I H = 1/2) proton nuclear spin functions, 3 and the total angular momentum is F = F 1 + I H , quantum number F . Measurements by Kukolich [13] [14] [15] and additional analysis by Hougen 16 fully characterized the hyperfine structure in the lowest inversion doublet (v 2 = 0) of the 14 NH 3 molecule. However, the proton hyperfine splittings are less than a few tens of kHz, too small to be resolved in the current experiments. The quadrupole coupling energy contributions are determined by the matrix elements:
where V and Q are matrix elements which depend on J , J, K and I N . The V contribution is:
and Q:
The energy contributions from matrix elements off-diagonal in J in eq. (1) are negligible compared to the experimental resolution here because they connect levels separated by a rotational term value. Therefore, we computed just the diagonal contributions to the quadrupolar splittings in simulating the observed spectral features i.e. J =J in eq. (1) and (2) above. These expressions were used to calculate the quadrupolar hyperfine splittings for each rotational level of interest. Also, although the inversion doublet levels have slightly different quadrupolar splittings, determined by the parameter ∆Q * in Hougen's notation, 16 these differences are small compared to the current experimental measurement precision, so they too were neglected. Hence, all the experimental splittings will depend on the one quadrupolar parameter eQq 4
, assumed to be the same in both the ground and excited vibrational levels. The calculated 14 N quadrupole splittings based on this model for the rotational levels in NH 3 of interest here are given in Table I . We note that the splittings for the (J, K) = (3, 2) levels are zero in this approximation because of the factor J(J + 1) − 3K 2 arising from the expansion of the 3-j symbol in equation 2.
B. Saturation line profiles
Spectroscopic transitions are expected to obey the selection rules, ∆F 1 = 0, ±1 and the observed line shapes were modeled as a convolution of Lorentzian derivatives with an adjustable modulation broadening 21 for each possible quadrupolar hyperfine transition as detailed below. Relative intensities of the quadrupole split transitions are given by:
Here, J and Figure 2 illustrates the more complex line shape observed for a p P (2, 1) s transition.
In Fig. 1 , the calculated hyperfine pattern is close to that observed, but the match would be improved if the F 1 = 2 component is slightly lower in energy. For the p P (2, 1) s transition in Fig. 2 , the the positions of the hyperfine components lie close to the observed positions, but the relative intensities of the weaker components are underestimated, or the strongest component overestimated, compared to the observed. We attribute this is varying degrees of saturation for the different components, but trials using a model explicitly varying the relative intensities based on their linear line strengths were not successful in improving the qualitative agreement. Figure 4 shows examples of a series of transitions from levels with J = 5. The difference between the p P (5, 4) a− and s− components is noteworthy. In the model, the two should have identical shapes, and the observations for the K = 5 and K = 3 transitions match this expectation.
C. Hyperfine-free rest frequencies
Values of the hyperfine-free rest frequencies ν 0 were extracted for each frequency measured line and summarized in Table II band, and r Q(6, 4) s in the(v 3 + 2v 4 ) band. Searching near this frequency, we found only one sub-Doppler feature with a line shape that supports the first of these alternatives. We 8 attempted to record sub-Doppler spectra of other transitions connected to the upper state in all these transitions, but were unsuccessful, possibly due to insufficient sensitivity.
Absolute frequencies given in Table II are generally within the estimated errors of those reported by Sung et al. 4 and Földes et al. 6 when allowing for the fact that many of the new measurements are of components of overlapped features in the Doppler-limited spectra.
The accuracy and precision of the present measurements places much tighter constraints on ground state combination differences in the ammonia spectrum in this region.
The present data permit the determination of six ground state combination differences.
These are given in Table III where they are also compared to numbers derived from the published energy levels 23 for the lowest inversion doublet levels. Comparison shows that the present energy differences are systematically slightly larger than those derived from the published data, with the differences increasing with rotational energy. Even so, the largest deviations are less than 1 MHz, and unresolved hyperfine splittings in the earlier data could be the major contributor to the differences. Future improvements to the current spectrometer sensitivity will permit many more combination differences to be determined in these vibrational bands, and improvement in the accuracy of the rotational energy levels of ammonia could result from such measurements.
IV. CONCLUSIONS
The new data illustrate the precision that can be obtained from sub-Doppler measurements in the near-infrared. The data provide accurate rest frequencies for transitions that are overlapped in the best Doppler-limited spectra, even at reduced temperatures, and we have illustrated how they can resolve ambiguities in spectral assignments. The precision of lower state energy level combination differences derived from the measurements compares A 2 overall symmetry, these levels belong to different proton nuclear spin symmetries and, in ammonia, will be mixed by nuclear spin-rotation terms in the Hamiltonian. These are too small 19 to account for the observed perturbation. We therefore conclude that the rotational assignment is probably not correct in this case.
In a similar vein, the assignment of the r P (7, 5) a transition in the 0012 (12) Table I . This is 0.03 cm −1 from the value for the energy in the MARVEL database, 7 which is greater than expected based on the literature uncertainties.
There are no other, potentially perturbing, levels close to this energy in the database, so we conclude this assignment is also questionable. Finally, many of the data in Table I Efforts are underway to modify the spectrometer to increase its sensitivity and resolution still further. As it stands, sub-Doppler spectra can reliably be measured for unblended lines in ammonia with linestrengths, S HIT RAN , as low as 3×10 −22 cm.molecule −1 . The major source of noise is due to vibrational and acoustic perturbations of the cavity and efforts are underway to counteract this. The line widths could also be improved by increasing the beam waist diameter as described by Abe et al. 24 With these improvements, several of the assignment questions raised above could be definitively resolved. In any case, the spectrum of ammonia in this region remains fertile ground for future sub-Doppler measurements. 
